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Jinxing Li, Sirilak Sattayasamitsathit, Renfeng Dong, Wei Gao, Ryan Tam,
Xiaomiao Feng, Stephen Ai and Joseph Wang*We demonstrate a template electrosynthesis for large-scale low-cost
preparation of remarkably small magnetically driven tailored-made
helical nanoswimmers that display eﬃcient propulsion behavior
and hold considerable promise for future miniature devices in the
human body.The synthesis of nanoscale structures capable of moving in
liquids represents a major nanotechnological challenge.1–6
Signicant progress has been made recently towards the
fabrication of micro/nanomotors that rely on local chemical
fuel7–9 or on external electrical,10,11 optical,12 ultrasound13,14 and
magnetic15–19 stimuli. Among the diﬀerent types of micro/
nanomotors, magnetically actuated ones are extremely prom-
ising for diverse in vivo biomedical applications owing to
their attractive swimming performance.1,17,19 In particular,
helical magnetic micro/nanoswimmers – inspired by bacterial
agellum propulsion20 – transform a rotation around their
helical axis into a translation along the helical axis to oﬀer an
eﬃcient locomotion behavior.17,19 However, till recently the
large-scale preparation of helical micro/nanostructures has
been challenging, since traditional microfabrication techniques
– based on the deposition or removal of thin layers of material –
have not been compatible with the preparation of complex
three-dimensional (3D) helical micro/nanostructures.19 The
challenges of fabricating 3D helical swimmers have been dis-
cussed.17,19 Several fabrication methods have been proposed
recently for addressing these challenges and preparing
magnetically actuated helical micro/nanoswimmers.1,17,19 The
rst magnetically driven helical corkscrew-shaped microrobot
(2–3 mm in diameter, 30–50 mm long) was fabricated by a self-
scrolling technique that combines “top-down” lithographic
patterning and a “self-organizing” step.16,21 Even smaller highly
densed helical nano-propellers were prepared in 2009 byty of California, La Jolla, San Diego,
ucsd.edu
tion (ESI) available. See DOI:
hemistry 2014glancing angle deposition (GLAD).22 An attractive top-down 3D
laser direct writing (DLW) of magnetic helical micromachines
was demonstrated recently by Nelson’s group.23,24 Yet, these
routes for fabricating helical micro/nanoswimmers require
specialized and expensive instrumentation, and the dimensions
of these helical magnetic motors are commonly limited by the
resolution of optical lithography.
This article describes an eﬀective and simple template
electrodeposition approach for the large-scale preparation of
extremely small and highly eﬃcient helical magnetic swim-
mers. For over two decades, template electrosynthesis has been
shown to be an attractive approach for the mass production of
diverse nanostructures and nanodevices.25 Such template-
assisted electrochemical growth of diﬀerent nanostructures
involves electrodeposition of diﬀerent materials into the cylin-
drical nanopores of a host porous membrane template, fol-
lowed by dissolution of the template.26,27 The versatility of the
template-directed electrodeposition has been shown to be
extremely useful for preparing chemically powered nanomotors,
including catalytic bi-segment (Pt–Au) nanowires27,28 and
microtubular engines.8,27,29,30 Template electrosynthesis has
been used also for preparing exible nanowire swimmers,18 but
not for fabricating helical (corkscrew-shaped) magnetic swim-
mers. Several groups have demonstrated recently the successful
template fabrication and assembly of helical composite meso-
structures.31,32 In particular, Park’s group described the
synthesis of palladium (Pd) nanosprings using anodized
aluminum oxide (AAO) templates and electrochemical
deposition.32
Taking advantage of these recent advances in the electro-
synthesis of nanosprings, we demonstrate in the following
sections that this templating route can lead to the large-scale
low-cost preparation of remarkably small magnetically driven
helical nanoswimmers (down to 100 nm in diameter and 600
nm in length) that display eﬃcient propulsion behavior. Our
study demonstrates that such template synthesis provides
convenient control the dimensions, geometry and composition
of the helical swimmers, as desired for optimizing theNanoscale, 2014, 6, 9415–9420 | 9415
Fig. 2 Schematic and SEM images of a Pd/Cu nanorod (showing
periodical helical indented curvature on the surface) (a), the Pd helical
nanospring (b) and the Ni-coated Pd helical nanospring (c). (d and e)
TEM characterization of magnetic nanohelices of diﬀerent lengths:
800 nm (d) and 1.5 mm (e), prepared using charge densities of 0.5
and 1 C cm2, respectively.
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View Article Onlineswimming performance. Geometrically tunable helical nano-
structures – with varied diameter, length and spiral pitch – can
be readily fabricated via judicious selection of the membrane
template pore size, composition of the plating solution and
electrodeposition parameters. Thousands of helical nano-
swimmers can thus be prepared within few hours. The nano-
scale dimensions and eﬃcient propulsion behavior of these
template-prepared helical nanoswimmers make them ideal
candidates for future miniature devices in the human body.
As illustrated in Fig. 1, the new protocol for fabricating
helical nanoswimmers is based on the procedure described by
Park and coworkers32 for creating Pd nanosprings. The prepa-
ration of such Pd nanohelices relies on electrochemical co-
deposition of Pd2+ and Cu2+ inside the nanoscopic pores of
AAO membrane templates using an acidic environment. Gold
nanorods (1 mm long) were electrodeposited initially within
the nanopores to form a uniform solid base essential for the
growth of the Pd/Cu nanorods (Fig. 1a). Subsequently, a solu-
tion containing 30 mM PdCl2, 20 mM CuCl2, and 0.1 M HCl was
used for growing the Pd/Cu nanorods (Fig. 1b). An OH group
terminated Al2O3 surface and the H
+ in acidic solution, along
with a suitable reduction potential, are essential for the eﬀective
reduction of Pd2+ (during the co-deposition with Cu) to form
crystal structures on the nanopore wall.32 Dissolution of the
membrane template (Fig. 1c) and etching of copper from the
nanorod (Fig. 1d) result in Pd nanohelices. Subsequent electron
beam evaporation of a nanometer-thick magnetic nickel layer
onto the Pd nanosprings leads to tiny magnetic helical nano-
swimmers (as small as 100 nm in diameter and 600 nm in
length) (Fig. 1e). Applying a continuous torque to the new Ni-
coated Pd nanohelices, via a rotating magnetic eld, trans-
forms the rotation around their helical axis into a translational
corkscrew motion along this axis.
We initially used AAO membrane templates with pore
diameter of 200 nm for preparing the helical nanoswimmers.
Stepwise schematic illustrations and SEM images of the nano-
structures prepared at the diﬀerent steps of the synthesis are
displayed in Fig. 2a–c. For example, the SEM image of Fig. 2a
depicts the surface morphology of a Pd/Cu alloy nanorod
released during the NaOH-induced dissolution of AAOFig. 1 Schematic illustration of the template-based fabrication of
helical magnetic nanoswimmers. (a) Electrodeposition of Au; (b)
electrochemical codeposition of Pd/Cu rods; (c) removal of the
membrane template and the Au bottom layer; (d) etching of Cu; (e) Ni
coating for magnetic actuation.
9416 | Nanoscale, 2014, 6, 9415–9420membrane. A close examination of this image indicates the
presence of periodical helical dented curvature on the nanorod
surface, corresponding to Pd nanodomains curling up on the
Cu nanorod, and reecting the coiled-shaped growth of Pd.32
Subsequent 10 min exposure of this Pd/Cu rod structure to an 8
M nitric acid solution results in etching of the Cu component,
leaving behind a helical Pd nanospring structure with a rough
surface (SEM image of Fig. 2b). Longer etching time can damage
(slowly dissolve) the Pd nanospring structures. While the exact
reason for the formation of the Pd nanospring is not fully
understood, it has been attributed to the spatially diﬀerent
growth processes of Pd and Cu.32 The circular cross section of
the lament of this helical Pd nanostructure has a diameter of
about 40 nm. A smoother surface is observed Fig. 2c aer the
electron beam evaporation of a uniform and thin Ni lm over
the Pd nanohelix. In order to improve the coating uniformity,
the deposition rate of the Ni layer was maintained as low as 0.05
nm s1 under a very low pressure (107 torr).
The template electrosynthesis method can produce helical
nanopropellers with tailored-made geometries and dimensions.
For example, controlling the charge density during the Pd/Cu
deposition has been used for producing nanohelices with
diﬀerent lengths. The transmission electron microscopy (TEM)
images of Fig. 2d show well-dened nanohelices with a length
of around 800 nm, prepared using a charge density of 0.5 C
cm2. Increasing the charge density to 1 C cm2 results in
longer helices with an average length of 1.5 mm, (Fig. 2e). It
should be noted that nanosprings with aspect ratios larger than
15 display some bending and may compromise the magnetic
locomotion. Nanohelices with aspect ratios smaller than 10
were thus used for most subsequent propulsion experiments.This journal is © The Royal Society of Chemistry 2014
Fig. 4 Schematic illustrations (a), SEM (b) and TEM (c) images of Ni/Pd
nanohelices with diﬀerent diameters: 100 (A), 200 (B) and 400 (C) nm
prepared by using diﬀerent membrane templates.
Communication Nanoscale
Pu
bl
ish
ed
 o
n 
07
 O
ct
ob
er
 2
01
3.
 D
ow
nl
oa
de
d 
by
 C
al
ifo
rn
ia
 In
sti
tu
te
 o
f T
ec
hn
ol
og
y 
on
 2
3/
01
/2
01
8 
17
:5
4:
34
. 
View Article OnlineAnother attractive feature of the new template electrosyn-
thesis route is its ability to tailor the helical pitch through
control of the composition of plating solution. In particular, the
morphology of the helices is strongly dependent on the Pd2+/
Cu2+ concentration ratio in the solution. The absence of copper
in the solution leads to the formation of Pd nanotubes due to
the higher Pd2+ reduction rate at the surface of the nanopore.32
Similarly, the helical architecture is not observed using plating
solutions with very high Cu2+ concentrations, since such solu-
tions hinder the nanohelix growth and lead to highly porous Pd
nanorods.32 In order to tailor the helical pitch of the resulting
nanohelices, we thus used plating solutions with a Cu2+
concentration of 20 mM and Pd2+ concentrations ranging from
25 mM to 45 mM. Fig. 3a–e displays a series of SEM images of
nanohelices prepared with varied Pd2+ concentrations: (a) 25,
(b) 30, (c) 35, (d) 40 and (e) 45 mM. Fig. 3f summarizes the
observed eﬀect of the composition of the plating solution and
shows the dependence of the helical pitch length upon the Pd2+/
Cu2+ concentration ratio. These data and images indicate that
the pitch length decreases gradually from 130 nm to 60 nm
upon increasing the Pd2+ concentration from 20 mM to 45 mM.
The resultant structure nally approaches a nanotube at the
highest Pd2+ level. Overall, a plating solution containing 30 mM
PdCl2, 20 mM CuCl2, and 0.1 M HCl is optimal for preparing
well-dened Pd nanosprings towards eﬃcient helical magnetic
nanoswimmers.
The electrodeposition strategy allows precise control of the
diameter of helical Pd nanostructure, and of the corresponding
nanoswimmers, through the use of membrane templates with
diﬀerent pore sizes. Since commercial Polycarbonate (PC)
membranes have a larger variety of pore diameters (ranging
from 15 nm to 12 mm) than AAO templates, it is possible to use
diﬀerent PC membrane templates for preparing helical nano-
swimmers with diﬀerent diameters. Accordingly, we evaluated
polycarbonate membranes with pore diameters of 100 nm
and 400 nm (along with the AAO membrane with 200 nm
pores). Since hydroxyl (OH) group-terminated alumina surfaces
in acidic environment are critical for nanohelix formation
due to the interfacial electrostatic double layer formation inFig. 3 Control of the pitch length of the template-prepared magnetic
nanohelices. (a–e) SEM images of Ni–Pd nanosprings. PdCl2+/CuCl2+
concentration ratio in the plating solution: (a) 25/20, (b) 30/20, (c) 35/
20, (d) 40/20, (e) 45/20. (f) Plot showing the dependence of the pitch
length upon the Pd2+/Cu2+ concentration ratio.
This journal is © The Royal Society of Chemistry 2014nanochannels,32 we used atomic layer deposition (ALD) for
incorporating alumina into walls of the PC membrane micro-
pores. Electrodeposition of Pd/Cu alloy nanorods has been
subsequently carried out under the optimal conditions (30 mM
PdCl2/20 mMCuCl2), followed by dissolution of the PC template
and the Cu component using methylene chloride and 8 M nitric
acid, respectively. ESI Fig. 1† displays long Pd nanosprings
encapsulated within 400 nm diameter Al2O3 nanotubes aer the
dissolution of the PC membrane. Subsequent NaOH-induced
dissolution of the Al2O3 nanotubes and electron beam evapo-
ration of Ni layer resulted in the formation of magnetic helical
nanoswimmers of diﬀerent diameters. Fig. 4 displays a series of
SEM and TEM images of such magnetic nanohelices formed
inside nanopores of varying diameters. These images indicate
that well-dened nanohelices of diameters ranging from 100 to
400 nm can be prepared using membrane templates possessingFig. 5 Schematic illustration of the tumbling (a) and corkscrew (b)
motions of helical nanoswimmer under low and high magnetic rota-
tion frequencies, respectively. (c–f) Time-lapse motion images (taken
from ESI Video S2†) of a 400 nm helical nanoswimmer under a
magnetic rotation frequency of 150 Hz.
Nanoscale, 2014, 6, 9415–9420 | 9417
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View Article Onlinenanopores of diﬀerent diameters. Note also that the cross
section of the lament increases from 30 nm to 150 nm
upon increasing the diameter of the nanopores.
Following the successful template fabrication of tailored-
made magnetic nanohelices, a rotating magnetic eld has
been used to remotely actuate their directional motion. The new
template-prepared torque-driven nanoswimmers display an
attractive propulsion behavior: tumbling motion at low
magnetic rotation frequency and corkscrew motion at high
magnetic rotation frequencies (Fig. 5a and b, respectively).6,19
The change from tumbling to a corkscrew rotation occurs at a
specic stabilization frequency. Such frequency-dependent
transition motion behavior is illustrated in ESI Video S1† for a
400 nm diameter helical nanoswimmer, upon increasing the
magnetic eld frequency from 10 to 100 Hz. Subsequent work
has focused on the corkscrew motion of the new template-
prepared nanoswimmers. The image sequence of Fig. 5c–f
(taken from ESI Video S2†) displays such movement using a 3
mm long (400 nm diameter) nanoswimmer over the 3 s period at
a rotation frequency of 150 Hz. The nanoswimmer travels over a
long path of approximately 45 mm parallel to the magnetic eld
axis, i.e., at a speed of 15 mm s1, corresponding to a relative
speed of 5 body lengths s1. Such speed compares favorably
with those reported for helical swimmers prepared by advanced
self-scrolling and GLAD techniques.16,21,22 The new helical
swimmers also displayed eﬀective propulsion in cell culture
media, which is in agreement with a previous study of the
magnetic nanoswimmers in salt-rich media.18
The translational velocity of helical nanoswimmers with
diﬀerent diameters has been examined using diﬀerent
magnetic rotation frequencies. The trajectories in Fig. 6a–c
illustrate the (taken from ESI Video S3†) dened motion of
diﬀerent helical nanoswimmers with diameters of 100, 200 and
400 nm, respectively, over a 2 second period at a rotationFig. 6 Motion trajectories of helical nanoswimmers with diﬀerent
diameters: (a) 100 nm; (b) 200 nm; (c) 400 nm (aspect ratios of 10)
over a 2 s period. Magnetic ﬁeld frequency: 120 Hz. (d) Dependence of
the nanoswimmer velocity on themagnetic frequency and diameter of
the motors, calculated from the tracking analysis of the observed
motion.
9418 | Nanoscale, 2014, 6, 9415–9420frequency of 120 Hz. Tracking analysis demonstrates that their
average speeds are 6, 9 and 13 mm s1, respectively. The inu-
ence of the frequency upon the speed of helical nanoswimmers
of diﬀerent diameters is shown in Fig. 6d. These plots indicate
that the motor speed increases in a nearly linear fashion with
the frequency. Furthermore, it is noted that large nano-
swimmers (with a 400 nm diameter) swim nearly 3-fold faster
than the smaller (100 nm) ones. The speed of helical swimmers
is dependent upon various geometric parameters (including the
diameter) and the rotation frequency, in a complex manner
described in eqn (1):23,33
v ¼

xt  x||

sin q cos q
2

xtsin
2
qþ x|| cos2 q
 du (1)
where xt and x|| are the drag coeﬃcients perpendicular and
parallel to the helical axis, q is the helix angle, d is diameter of
the helix, and u is the rotational frequency. Overall, our exper-
imental results follow closely the theoretical prediction of
equation.Conclusions
In summary, we have demonstrated an attractive template-
electrosynthesis approach for the fabrication of the extremely
small yet highly eﬃcient helical magnetic nanoswimmers. The
Pd helical nanostructures were fabricated by template electro-
deposition of Pd/Cu nanorods into nanoporous membrane
templates, followed by removal of Cu, and electron-beam
coating the resulting Pd nanohelices with a magnetic Ni layer.
The new templating route results extremely small (of 100 nm
diameter) and eﬃcient helical nanoswimmers and allows
convenient tailoring of the length, diameter and helix pitch of
nanohelices. These template-prepared fuel-free helical nano-
swimmers display an attractive locomotion behavior and are
promising for a plethora of future biomedical applications,
such as in vivo targeted drug delivery or biopsy.Experimental section
1. Synthesis of magnetic nanohelices
Nanoporous AAO membranes (6809-6022, Whatman, Maid-
stone, UK) with a pore size of 200 nm were used as a template
for fabricating 200 nm nanohelices. PC membrane templates
(110605 and 110607, Whatman, NJ, USA) with pore sizes of
100 nm and 400 nm were used for fabricating 100 and 400 nm
helical nanoswimmers. Al2O3 coatings were formed in the PC
templates by atomic layer deposition for 800 cycles at 100 C.
Before electrochemical deposition, a 75 nm gold lm was
sputtered on one side of the porous membrane to serve as a
working electrode using the Denton Discovery 18 (Moorestown,
NJ). A Pt wire and an Ag/AgCl (with 1 M KCl) were used as
counter and reference electrodes, respectively. The membrane
was then assembled in a plating cell with an aluminium foil
serving as a contact. All electrochemical deposition steps were
carried out at room temperature (22 C). For preparing 200 nm
nanohelices using an AAO membrane, a sacricial silver layerThis journal is © The Royal Society of Chemistry 2014
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View Article Onlinewas initially electrodeposited at 1.0 V for a total charge of 3C
using a commercial silver plating solution (1025 RTU @ 4.5
Troy/gallon). Gold nanorods were then electrodeposited at
1.0 V for a total charge of 1.5C from a commercial gold plating
solution (Orotemp 24 RTU RACK); subsequently, the Pd/Cu
nanorods were deposited at 0.1 V from the PdCl2/CuCl2
plating solution mixture. All the Pd/Cu plating solutions con-
tained 20 mM CuCl2 and 0.1 M HCl, while the PdCl2 concen-
trations varied from 25 mM to 45 mM to prepare nanohelices
with diﬀerent morphologies. Aer electrochemical deposition,
the sputtered gold layer was completely removed by hand pol-
ishing with 3–4 mm alumina slurry. The AAO membrane
templates were dissolved in 3 M NaOH for 30 min followed by
washing with ultrapure water until neutral pH was obtained.
Finally, the Ag sacricial layer and the Cu component (of the Pd/
Cu nanorods) were dissolved using an 8 MHNO3 solution for 10
minutes, resulting in the formation of Pd nanohelices. Fabri-
cation of 100 nm and 400 nm nanohelices, with the PC
membrane templates involved the electrodeposition of gold
nanorods using a charge of 0.2C; and subsequent deposition of
Pd/Cu nanorods at 0.1 V from a plating solution containing
20 mM CuCl2, 30 mM PdCl2 and 0.1 M HCl for 2C. The
templates were dissolved in methylene chloride for 10 min to
completely release the nanostructures. The latter were collected
by centrifugation at 9000 rpm for 3 min and washed 3 times
with methylene chloride, ethanol and deionized water each,
with a 3 min centrifugation aer each wash. Finally, Pd/Cu
nanorods were soaked in a NaOH (3 M) solution for 30 min to
dissolve Al2O3 for a complete release of nanorods. The Cu in the
Pd/Cu nanorods was then etched as mentioned above. The Pd
nanohelices were dispersed on glass slides. Finally, a 10 nm
thick Ni layer was deposited onto the Pd nanohelices by electron
beam evaporation, using a deposition speed of 0.05 nm s1.2. Magnetic actuation and microscopy observation
A Helmholtz coil pair was used to generate the magnetic rota-
tion eld for remote actuation. The frequency of the rotating
magnetic eld can be changed from 1 Hz to 1000 Hz by a
sinusoidal wave generator. The above magnetic nanohelices
were dispersed in water droplets for rotation and translation
motion tests. An inverted optical microscope (Nikon Instrument
Inc. Ti-S/L100), coupled to a 40objective, a Hamamatsu digital
camera C11440 and NIS Elements AR 3.2 soware, were used for
capturing movies of the swimming motion. The speed of the
nanoswimmers was tracked using a NIS Elements tracking
module.Acknowledgements
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